A new microelectromechanical systems (MEMS) probe card made of electroplated nickel cantilevers, which has compliant structure, with through-wafer interconnections for IC testing is developed. The measured contact resistance was less than 0.5 ohm and leakage current was approximately 0.13 nA between tips and pads. In addition, planarity of tips and the alignment of x-and y-axes were satisfied with conventional needle probe card performance. Therefore, this probe card is suitable for wafer-level burn-in testing and function testing of memory and RF devices. In particular, since through-wafer interconnection can offer the shortest signal line path and reduce signal delay, it is possible to implement fine pitch and high-speed devices. The probe was fabricated with the 4-inch silicon substrate.
Introduction
The probe card, which is mounted on automatic testing equipment (ATE), forms a contact with the metal pads of the device under test (DUT), thereby transmitting the test signals to the DUT. As integrated circuits become faster and more complex, the number of input/output pads drastically increases and it becomes more difficult to fabricate the probe cards by conventional technology, as shown in Fig. 1 . The epoxy ring probe card, long the industry standard for probing silicon wafers, continues to be dominant as the principal interface between the wafer and ATE. 1) However, the conventional epoxy-type probe cards have several limitations: poor control of the interface's electrical environment and very fragile contacts. In order to overcome these limitations, there have been several attempts to fabricate probe structures by the batch silicon process. [2] [3] [4] [5] [6] [7] [8] The use of the membrane probe card 2) is one of these attempts. The major drawback of this technology is that additional air pressure is needed to supply sufficient and uniform contact forces to the probe tips. Another approach includes the use of the microcantilever probes that can be individually actuated.
3) However, it is very difficult for micro cantilevers to generate enough force to break the oxidized layer on the surface of the aluminum (Al) pad, and heater signal lines are needed in addition to the test signal lines.
In recent years, various interconnection methods such as metal wiring, 9) ball grid array packaging 10) and flip-chip bonding 11) have been developed, but these technologies have a number of inherent limitations when it comes to implementing fine-pitch probing and high-speed performance. The best solution to overcome these problems is to implement through-wafer interconnection. There have been several reports on through-wafer (or through-holes) interconnection. [12] [13] [14] [15] [16] [17] Fujita et al. 12) and S. Linder et al. 13) demonstrated that a through-hole was formed by potassium hydroxide (KOH) wet etching. The major disadvantage of this technology is that a fine pitch process is impossible because of the isotropic etching profile after etching by KOH. Soh et al. showed another approach. 14) The throughwafer was etched by deep reactive ion etching (RIE) and the aspect ratio was greater than 17:1. However, this technology requires a special photoresist and has a complicated process. Wu et al. presented through-wafer interconnection with electroplated copper. 15) Oh et al. fabricated a via filling by pulse reverse plating. 16) Recently, Lee et al. demonstrated an advanced technology for through-hole filling, 17) but this technology also has a complex process.
As already noted, [12] [13] [14] [15] [16] [17] the technology of through-wafer interconnection mainly involves the electrodeposition method using, for example, copper (Cu), nickel (Ni), and gold (Au). Electrodeposition, which consists of electroplating and electroless plating, has been increasingly used for semiconductors and microelectromechanical systems (MEMS) because of the high deposition rates, relatively low cost and ease of filling high-aspect-ratio features. It is possible to fill a trench completely without any defects, such as voids or seams, by means of pulse current electrodeposition which leads to fine pitch and high-speed testing. We have reported on electroless and electroplating methods for interconnection. 18, 19) In this study, we have developed a novel MEMS probe card and trench filling process using the electroplating method to implement through-wafer interconnection.
Design and Fabrication
Probe card design requirements can be divided into two categories: one is mechanical performance and the other is electrical performance. Mechanical performance can be divided into planarity, contact force, overdrive, and wear. Electrical performance is also divided into contact quality, signal speed, and AC/DC signal quality. 1) The probing environment, probe card life, and the maintenance process are also essential considerations.
The general mechanical performance of the conventional epoxy probe card has x and y alignment of tips of lower than AE8 mm, 15 mm planarity, and 5 gram force. Additionally, electrical performance exhibits less than 1 ohm contact resistance, and less than 10 nA leakage current. However, one of the most difficult problems facing the test engineering is to reduce the contact force. Because the number of pads increases and pitch between contacts decreases, the increasing total force is likely to damage and crack the wafer. Therefore, the contact area and force also should be reduced to 3 gram force at 50 mm displacement. Therefore, we focused on planarity, compliance, overdrive, and force in this study. The cantilever beam is an extremely useful model for electric spring connectors. The equations that govern the behavior of a straight cantilever beam with a rectangular cross section are extremely simple. There is a linear relationship between the force and deflection of a cantilever beam, as long as the deflection is small and the beam material does not yield. Figure 2 (a) shows a simple cantilever-type probe structure. The cantilever length, L, can be evaluated by eq. (1), the cantilever spring constant, k, can be calculated by eq. (2), and contact force, F, can be determined from eq. (3).
Here, w is the width of the beam, t is the thickness of the beam, F is the force, max is the maximum stress of the beam, max is the maximum displacement, E is the elastic modulus of the material, and I is the area moment of inertia of the beam. [20] [21] [22] As shown in Fig. 2(b) , the displacement of the cantilever beam is a function of , , F, w, t, and L. The beam displacement is usually proportional to L 3 and to the inverse of ratio t 3 , while it is directly proportional to w. Since L and w limited by the chip pad size, it is difficult to vary them in a large range. However, if we can precisely control the thickness of the beam, it is the easiest parameter to implement design of the cantilever beam. On the basis of the above equations and concept, we designed a cantilever with a width of 70 mm, length of 749 mm, and thickness of 40 mm, and applied contact force of 3 gram force with 50 mm bending in the vertical direction. In addition, the throughhole was designed to have 50 mm diameter in order to achieve fine pitch and high speed.
A cantilever-type probe card was fabricated by the following procedure as shown in Fig. 3 . The starting material was a 4-inch (100) silicon wafer with the thickness of 500 mm. First, a 3-mm-thick tetraethylorthosilicate (TEOS) oxide was deposited on the back and front to make a through-hole, and etching using a deep silicon RIE etcher was performed after patterning. Next, thermally grown oxidation was adopted in order to electrically insulate holes from the wafer. Secondly, Cu was electroplated onto the front surface after titanium (Ti)/Au seed sputtering, and another Cu was deposited by electroplating on the back surface by the trench filling method after Ti/Au seed deposition. Thirdly, a Ni cantilever structure was electroplated onto the front Ti/Au seeded surface after chemical and mechanical polishing (CMP). Tip-Ni was deposited by electroplating after the structure photoresist (PR) was removed, then a tip-PR mold was formed in succession. Finally, probe tips were released after tetra-methyl ammonium hydroxide (TMAH) wet etching. The fabricated probe array, which was an actual test device, had a pitch of 135 mm and the etch depth under the probe was more than 50 mm.
Results and Discussion
In order to fill the fine-pitch through-hole, we developed a two-step electroplating method. First, the front surface is electroplated with Cu using DC. Cu is deposited on the front surface and in some parts of the hole. Then, the back Cu is electroplated by the trench filling process using pulse current (PC) after Ti/Au seed deposition. Finally, the through-hole was filled with electroplated Cu. The key process of the through-hole interconnection is to fill the hole. The trench filling method filled the hole effectively. The trench filling process is as follows. The electrolyte was composed of CuSO 4 (75 g/L), H 2 SO 4 (180 g/L), and HCl (70 mg/L) solution with additives. Ti/Au/SiO 2 /Si was used as the substrate for Cu electroplating. The patterned wafer, on which hole trenches of 50 mm diameter and aspect ratio of 1:6 were etched into the dielectric pattern, was covered with a 0.5-mm-thick ionized metal plasma (IMP)-Ti layer as the diffusion barrier and a 1-mm-thick sputtered-Au film as the seed layer. A conventional three-electrode system was used for electroplating. Platinum plate and Ag/AgCl (Sat. KCl) were used as the counterelectrode and reference electrode, respectively. DC and PC electroplating was carried out galvanostatically using cathodic square waves with complete current cut-off during the interval between pulses. The applied current waveform was modulated with a potentiostat/galvanostat (PAR 273A) and a function generator.
Pulse frequency was varied from 0.1 to 100 Hz and duty cycles (i.e., pulse on-time divided by pulse on-time plus pulse off-time) ranged from 0.1 to 0.5. Figure 4 shows a schematic of the electroplating apparatus and pulse current electroplating, and Table I shows the copper bath compo-sition, electroplating conditions, and pulse current conditions. Figure 5 indicates the effects of current density on Cu deposition morphology in both DC and PC electroplating (t on ¼ 100 ms and t off ¼ 500 ms). Although no significant difference is observed in DC electroplating, Cu deposition morphology is strongly influenced by current density in PC plating and the optimum current density in trench filling is 20 mA/cm 2 . A void space at the trench bottom was observed with higher current density, and it could be attributed to the rapid electrodeposition rate at the mouth of the trench. A higher mass transport of Cu is required during pulse offtime. Figure 6 shows the effects of current pulse on/offtimes in PC electroplating. Compared with DC plating which has one nucleation step and continuous growth of Cu, PC plating has repeated sequences of nucleation and growth, which results in fine grains due to the slower grain growth rate. It is effective for filling inside a limited geometry, such as vias and trenches. Simultaneously, cathodic deposition during the on-time of the pulse cycle depleted the dissolved Cu 2þ concentration at the cathode surface but the concentration can be restored to the bulk concentration by mass transfer during the off-time of the pulse. Better filling phenomena are observed with increasing current off-time because of a decreasing concentration gradient between the top and bottom of the via. In addition, pulse current electroplating is superior to DC in several aspects: effective mass transfer control, controllable microstructure of electrodeposits, dense fine-grained deposits, free from dendritic growth even if devoid of additives, effective perturbation of the adsorption-desorption process, almost no pinholes and better current efficiency. Figure 7 shows the 50-mm-diameter hole which is filled with Cu after chemical and mechanical polishing. The Ni cantilever structure was electroplated using the same apparatus as shown in Fig. 4 . composition and electroplating conditions. The electroplated cantilever did not bend in any direction owing to residual stress after the release of cantilevers in TMAH solution.
As shown in Fig. 8 , a die with 69 pin probe tips was successfully fabricated. The cantilever was fabricated with 68 mm width, 762 mm length, and 40.5 mm thickness. Because the variation of effective length is due to overetching in the (111) direction in TMAH solution, it causes a slight change of contact force. In order to evaluate the mechanical and electrical characteristics of the probe tip, we designed and fabricated the printed circuit board (PCB) shown in Fig. 9 . The mechanical characteristics of probe tips were measured using an Applied Precision Machine (made in USA). The mechanical test was revealed that no deformation appeared during 30, 50, and 65 mm overdrive. Figure 10 shows the results of mechanical and electrical tests. First, leakage current was approximately 0.133 nA, which is much less than 10 nA. In addition, contact resistance and contact forces were 0.459 ohm and 2.742 gram force, respectively. Finally, planarity and x and y alignment were less than AE9 mm and AE12 mm, respectively. Table III shows the measured data.
Conclusion
In this study, we developed a novel cantilever-type probe card. To apply more than 50 mm of overdrive, we used Ni as the tip and structure material. The characteristics of this probe card satisfied the current probe card specifications. In through-wafer interconnection, there was a void in DC electroplating due to the rapid deposition of the topside of the trench. In addition, filling phenomena of trench electroplating are strongly influenced by the current density and the current off-time. Also, better filling phenomena are observed with increasing current off-time because of the decreasing concentration gradient between the top and bottom of the trench. Our probe card is suitable for wafer-level burn-in testing, function testing and circuit-board O/S testing. 
